The μ opioid receptor (OR), a member of the class A subfamily of G-protein coupled receptors (GPCRs), is a major target for the treatment of pain. G-protein biased μ-OR agonists promise to be developed as analgesics. Thus, TRV130, the first representative μ-OR ligand with G-protein bias, has entered into phase III clinical trials. To identify the detailed G-protein-biased activation and inactivation mechanisms of the μ-OR, we constructed five μ-OR systems that were in complexes with the G-protein-biased agonists TRV130 and BU72, the antagonists β-FNA and naltrexone, as well as the free receptor. We performed a series of conventional molecular dynamics simulations and analyses of G-protein-biased activation and inactivation mechanisms of μ-OR. Our results, together with previously reported mutation results, revealed the operating mode of the activation switch composed of residues W 6.48 and Y 7.43 (Ballesteros/ Weinstein numbering), the activity of which was responsible for down-and up-regulation, respectively, of the β-arrestin signaling, which in turn affected G-protein-biased activation of μ-OR. TRV130 was found to stabilize W 6.48 by interacting with Y 7.43 . In addition, we obtained useful information regarding μ-OR-biased activation, such as strong stabilization of W 7.35 through a hydrophobic ring interaction in the TRV130 system. These findings may facilitate understanding of μ-OR biased activation and the design of new biased ligands for GPCRs.
Introduction
G protein-coupled receptors (GPCRs) are the largest superfamily of drug targets [1] and have gained attention in recent years. In contrast to the G-protein pathway, which elicits therapeutic effects, the β-arrestin pathway is the main cause of side effects caused by ligands targeting GPCRs [2] . Therefore, ligands that down-regulate or inhibit β-arrestin binding are of great interest [3] . Although many advances have been made in describing the mechanism of β-arrestin signaling, numerous problems remain regarding GPCR functional selectivity, particularly the dynamic propagation of biased signaling [4, 5] . To design new ligands with a suitable signaling bias, additional studies are necessary.
Opioid receptors (ORs) are members of the class A (rhodopsin-like) subfamily of GPCRs, which includes three subtypes, µ, δ and κ, and are important targets for analgesia [6] . Many studies have shown that the analgesic effect of μ-OR occurs through activation of the Gi signal, whereas the downstream β-arrestin pathway of the receptor can lead to constipation, respiratory depression, addiction and other adverse effects [7, 8] . Therefore, a G-protein biased μ-OR ligand is a major focus in designing new analgesics [9, 10] . TRV130 [11] , the first representative μ-OR ligand with G-protein bias (Figure 1 ), has entered into phase III clinical trials [12] . The ligand was obtained through a series of methods involving biological screening, analysis of structure-activity relationships and structural modification. Compared with morphine and other traditional opioids, this ligand can induce multiple binding conformations in its mode of action [13] . Recently, Schneider et al [14] have studied the binding mode of TRV130 through residue mutation experiments and long-term molecular dynamics (MD) simulations, but little information on the www.chinaphar.com Cheng JX et al Acta Pharmacologica Sinica dynamic mechanism exists to explain the functional selectivity of TRV130.
Recent studies of the mechanism of opioids [15, 16] suggest that the mechanism of functional selectivity of ORs is highly complex, involving a wide range of interactions. Hothersall et al [17] have found that the W7.35A mutation (Ballesteros/Weinstein numbering [18] ) down-regulates β-arrestin biased signaling of the ligand DAMGO, whereas the Y7.43F mutant exhibits abrogated β-arrestin signaling. Using residue mutation experiments, Sun et al [19] have confirmed that W 6.48 significantly affects the β-arrestin pathway but not G-protein signaling. Fenalti et al [20] have performed a series of mutations and have found that residues D 2.50 , N 3.35 , F 3.41 , N 7.45 and N 7.49 are closely associated with β-arrestin signaling.
In our previous study [21] , we have found that residues E 6.58 and I 6.55 function as an activation switch for κ-OR that determines receptor activation. The activation switch is first triggered by large fluctuation of I 6.55 and then is immediately induced by the motion of E 6.58 , which finally leads to rearrangement of each transmembrane helix. However, because only one agonist was introduced in the simulation, it was not possible for us to further investigate the detailed mechanism of the G-protein biased effects of ORs in that study.
Here, on the basis of agonist BU72-bound [22, 23] and antagonist β-FNA-bound [24] μ-OR crystal structures, we constructed five μ-OR systems: the G-protein biased agonist TRV130, two crystal complexes, the antagonist naltrexone (NTX) and the free receptor (Table 1) , to further study the G-protein biased mechanism of μ-OR at the atomic level. We performed submicrosecond unbiased molecular dynamics (MD) simulations on these μ-OR systems, focusing on the dynamic motions of the activation switch comprising residues W 6.48 and Y 7.43 . Furthermore, we performed a detailed comparison of various interaction modes of the activation switch between TRV130 and another G-protein biased agonist, PZM21 (Figure 1 ). In addition, we identified several residues that may also be crucial for TRV130 G-protein bias. Therefore, our simulations provide a better understanding of the activation and G-protein biased activation of μ-OR, and may be used for new G-protein biased ligand design.
Materials and methods

Protein preparation
There are two crystal structures of μ-OR available in the Protein Data Bank (PDB), both from mice. Interestingly, one receptor structure is bound to the agonist BU72 and is in the active state (PDB entry code: 5C1M) [22] , whereas the other structure is complexed with the antagonist β-FNA and is in the inactive form (PDB entry code: 4DKL) [24] . In 5C1M, the receptor was engineered with a G-protein mimetic camelid antibody fragment [22] . To perform MD simulations on the wild-type receptor, the G-protein part was removed from the crystal structure and the engineered residue YCM was mutated back to the original Cys in the N-terminus. In 4DKL, the receptor was engineered with part of the intracellular loop between transmembrane helices TM5 and TM6 replaced by T4 lysozyme (T4L) [24] . Similarly, T4L and other unnecessary parts were removed from 4DKL, and the IL3 loop was reconstructed by adding the missing residues with the loop refinement protocol in Discovery Studio 3.5 (Aecelrys Inc, San Diego, CA, USA). The 10 loop models generated were clustered as a dendrogram on the basis of the pairwise mainchain root-mean-square deviation (RMSD) of the loop region, and the model with the lowest RMSD value was selected for loop reconstruction [25] . A Na + ion located at the allosteric pocket position [20] was exactly positioned according to the crystal structure of the inactive NTI-complexed δ-OR (PDB entry code: 4N6H).
The Protein Preparation Tool (ProPrep) in the Schrödinger 2012 software package was then used to prepare the above integrated three-dimensional structures of the μ-OR. Residues Asn, Gln, and His were automatically checked for their protonated states in ProPrep. The PROPKA tool in Maestro was utilized to add hydrogen atoms into the structures at a physiological pH environment with an optimized hydrogen bond network.
Molecular docking
For the conformations of β-FNA and BU72 in complex with μ-OR, the agonist TRV130 and antagonist NTX were sketched in Maestro and subjected to a Monte Carlo Multiple Minimum conformational search under the OPLS_2005 force field. Implicit solvent was used for water molecules (Surface Generalized Born model). The output conformations were utilized as the starting point for molecular docking.
The active state of μ-OR in 5C1M was selected for docking ligands TRV130 and NTX, and it was also used as the free receptor by removal of the ligand BU72. Molecular docking was performed using the XP mode of Glide 5.8 [26, 27] . Residue D 3.32 was defined as the grid core to generate the pocket Grid file of μ-OR by 20 Å with the Receptor Grid Generation module. The Van der Waals (vdW) scaling was set to 0.8 for nonpolar atoms of the receptor and ligand in the initial Glide docking. The number of docking output per docking run was set as 10 000 poses during docking. The most reasonable conformation of the ligand was selected on the basis of two criteria. First, the protonated nitrogen should form an electrostatic interaction with D 3.32 , which is a well-known essential action for opioid ligands. Second, the docking score was used to rank the remaining poses.
MD preparations
Five systems (Table 1) , TRV130-μ-OR, BU72-μ-OR, NTX-μ-OR, and β-FNA-μ-OR complexes and an apo-μ-OR system, were constructed for the simulations. A POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer with a surface area of 75×75 Å 2 on the X-Y plane was generated under the CHARMM36 force field in the VMD program (Version 1.9.1). For each system, our in-house program was first used to embed the receptor into the POPC bilayer pre-aligned in the OPM (Orientations of Proteins in Membranes) database [28] [29] [30] [31] . Thereafter, pre-equilibrated POPC lipids coupled with TIP3P water molecules in a box ~75×75×100 Å 3 were used to solvate the protein (Table 1) . Water molecules in the bilayer and lipid molecules within 0.85 Å of the heavy atoms on the protein structure were removed. Neutral systems with 0.15 mol/L NaCl were produced through Na + and Cl -ions in the water phase. Paramchem webserver [32] [33] [34] (https://cgenff.paramchem. org/), a program coupled with the CHARMM force field, was used to generate ligand force field parameters. We input small molecules with a correct configuration into the Paramchem webserver and then obtained the force field parameters of the compounds through a script. Because β-FNA is complexed with μ-OR through a covalent bond, we then defined ligand β-FNA and residue K 5.39 as one residue in the force field.
MD simulations
All simulations were performed on the high-performance computing cluster of the State Key Laboratory of Bioreactor Engineering by using Gromacs V.4.6.5 [35] and the CHARMM36 parameters for all compositions. In the first step, a 10 000-step energy minimization was implemented with 1000.0 kJ/mol/nm as the force threshold for each system. Then, 100 ps initial equilibration was produced to gradually heat the systems from 0 K to 310 K at a constant volume and temperature at 310 K. The systems were subjected to an additional 1 ns equilibration at constant pressure and temperature (NPT ensemble; 310 K, 1 atm) with three thermostats (stabilizing temperature independently for protein-ligand system, the lipid POPCs and water-ions system) at 2 ps time steps. The cut off value for vdW and short-range electrostatic interactions was set at 12 Å. The Particle Mesh Ewald (PME) summation scheme was used to compute long-range electrostatic interactions. Finally, the production MD simulations of five systems were performed for 300 ns under NPT conditions with a NoseHoover thermostat for temperature coupling and ParrinelloRahman pressure coupler methods. The integrator leap-frog algorithm was used, and the time step was set as 2 fs.
Analysis of MD simulations RMSD and RMSF (root-mean-square fluctuation) calculations, hydrogen bond analysis, torsion angle and distance evolutions were produced with the program Gromacs. The interval time of trajectory calculations, including RMSD, torsion angle, distance and hydrogen bond analysis, was 200 ps in these 300 ns simulations. RMSD values were calculated by comparing the initial simulation conformations. All smooth curves in Results were fitting groups, which were identical to the corresponding angle/RMSD calculations in color.
Torsion angle analysis was performed with the g_angle tool under dihedral angle style in Gromacs. The average distance between residues W 6.48 and Y 7.43 was measured with the g_dist tool. Water tracking was performed by using the minimum distance method, which was assessed with the g_mindist tool.
Results
Initial docking modes of μ-OR with agonist TRV130 and antagonist NTX Agonist BU72-bound and antagonist β-FNA-bound μ-OR complexes were directly used for unbiased MD simulations, and the receptor bound with BU72 was used for ligand docking.
As observed from the docking modes ( Figure 2A , 2B), the 43 and simultaneously interacted with the two residues. The phenolic hydroxyl group of NTX interacted with H 6.52 through two water molecules. In the TRV130 system, owing to a ring structure replacing the polar group at this position, TRV130 formed interactions with the key residue H 6.52 through the ring structure. On the basis of the docking modes, we constructed TRV130-μ-OR and NTX-μ-OR systems for unbiased MD simulations.
Overview of the five unbiased MD simulations As shown in Figure 3A and 3B, the RMSD values of the five MD simulations reached the equilibrium stage in approximately 50 ns. In the TRV130 system, the RMSD value of the receptor fluctuated from 2.7-3.5 Å as compared with its initial structure. From 50-200 ns, the RMSD fluctuations of TRV130 were from 1 to 1.7 Å ( Figure 3C ) and were mostly stable from 1.7-2.7 Å from 260-300 ns, thus indicating a large conformational change of TRV130 from 200-260 ns, as also reflected through the conformational superimposition results ( Figure  2C ). Moreover, the local protein structure was altered with these large conformational changes of ligands, particularly at the region composed of residues Q 2.60 , D 3.32 and Y 7. 43 , where a tri-joint structure was formed by hydrogen bonds with one another in either the active or inactive state of the receptor. However, this tri-joint structure was lost in the final 300 ns TRV130-μ-OR complex, and the distance between residues Y 7.43 and D 3.32 reached 5.8 Å, which was too far to form a hydrogen bond (HB) again.
As compared with the initial structure, the RMSD values of the receptor in other systems under the equilibrium stage fluctuated from 2.3-3.2 Å. However, the RMSD value of the BU72 system began to increase at 250 ns. Through the superposition, we found that the RMSD increase was closely related to conformational changes of the extracellular N-terminal loop region (Supplementary Figure S1A) . Ligands BU72 and NTX exhibited high stability, and their RMSD values were stabilized at 0.4 and 0.7 Å, respectively, whereas those of β-FNA fluctuated in the range of 0.4 and 1.2 Å, probably because of the swing of the covalently bound residue K 5.39 .
The dynamics of "message" residues D 3.32 and H 6.52 in different systems The crystal structure of β-FNA-bound µ-OR [24] demonstrates that residues D 3.32 and H 6.52 form direct interactions with the ligand, thereby determining the "message" [36, 37] roles of the two residues. In the simulations, we first investigated the performance of D 3.32 in each system. This residue in both agonist systems stably formed one HB with the ligands (Table 2 ). However, for the antagonists, 1-2 stable HBs were formed in the NTX system, and almost no interaction was found in the β-FNA system, possibly because of the covalent binding of the ligand. The interactions between D 3.32 and water molecules in the antagonist models were generally more numerous than those in the agonist models. For example, 6-7 HBs were stably formed in β-FNA system, whereas 3 steady HBs were found in both agonist models.
At the end of the simulation, the side chain of D 3.32 significantly changed in conformation (Figure 2) , as was also revealed by the RMSF values (Supplementary Table S1 ). Therefore, we performed a detailed analysis on the torsion angle of the D 3.32 side chain ( Figure 4 ). Although D 3.32 formed one HB with each of BU72 and TRV130, the residue underwent a large conformational twist in the TRV130 system. Viewed from the distribution of the torsion angle, the dominant torsion angle was approximately -12° and occupied approximately 23% of the simulation time in the TRV130 system, whereas the 
The symbol "--" represents no related hydrogen bond interaction.
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The performance of another "message" residue H 6.52 was also investigated in detail. Because there is no polar group at this position of TRV130, H 6.52 interacted through its ring structure, and thus the most stable torsion angle of this residue was approximately -38° in TRV130 system, whereas it was approximately 10° in other systems.
The operation modes of activation switch residues W 6.48 and Y
7.43
From the existing μ-OR ligands [38] , a ligand with a cyclopropyl group on the protonated nitrogen atom, such as NTX, performs as an antagonist, whereas no such a group at this position makes oxymorphine exhibit agonistic activity. Given that the interaction site [20, 24] [19] , because the 6.48 position is strongly correlated with β-arrestin biased activation. Moreover, the 7.43 position is also related to G-protein biased activation of μ-OR [17] . Thus, we focused on the performance of these two residues in each system ( Figure 5 ).
The average distance (AD) between W 6.48 and Y 7.43 was approximately 8.5 Å in the agonist TRV130 system, whereas it was 9.2 Å in the β-FNA system, reaching up to 9.4 Å in NTX system. As observed from the evolution of AD with simulation time, the shortest distance between Y 7.43 and W 6.48 reached 6.8 Å in the TRV130 system ( Figure 5B ), whereas it was only 7.4 Å in the apo system (Supplementary Figure S2A) .
In the BU72 system, the AD value between W 6.48 and Y 7.43 increased from 8.5 Å to approximately 9 Å at 100 ns ( Figure  5B ). Further investigation showed that the side chain of W 6.48 ( Figure 5D ) reversed, thus potentially increasing the distance between them. Furthermore, we found that water molecule W1 (Supplementary Figure S3) moved to the W5 position (Figure 5C ), and the movement was across the position of W 6.48 , thus potentially causing its side chain to reverse. The side chain reversal of W 6.48 has also been observed in the simulations performed by Huang et al [22] . The performance of W 6.48 was different among the five systems ( Figure 5E ). In the TRV130 system, W 6.48 was more stable than in the other systems, and the torsion angle of its side chain was mostly stabilized at -70°. In antagonist models, the stability of W 6.48 was higher in the β-FNA system than in the NTX system. Interestingly, the dynamics of Y 7.43 was completely opposite from that of W 6.48 in each system ( Figure 5F ). Y 7.43 was most stable in the BU72 system, whereas large volatility was observed in TRV130/β-FNA systems. As observed from the TRV130 system at 300 ns ( Figure 2C ), the ring structure of TRV130 formed direct interactions with Y 7.43 , a result consistent with findings from residue mutation experiments by Schneider et al [14] . These interactions led to a large swing of the residue; similarly, the cyclopropyl group of β-FNA The 7.35 position in δ-OR is a non-polar aliphatic residue Leu, but the residue at that site is replaced by an aromatic residue, Trp/Tyr, in μ/κ-OR, respectively. The diversity of this position determines its relationship with opioid selectivity, thus making it an "address" site [39] . A recent study has shown that this position is also highly correlated with the functional selectivity of μ-OR [17] . In the W7.35A mutant, DAMGO increased the relative β-arrestin activity, which directly reflected the significance of W 7.35 in the functional selectivity of μ-OR. Moreover, as observed from the docking mode of DAMGO [17] , the ligand did not form an efficient interaction with W 7.35 , thus suggesting that good stability of the residue might favor G-protein signaling.
Although the side chain torsion angle of W 7.35 in each of the five systems was stabilized at approximately 70° on average (Figure 6 ), the percentage of the main conformation in the TRV130 system was approximately 1/4 higher than that of the BU72 system, thus indicating that the residue had better stability in the agonist TRV130 system. As observed from the superposition of TRV130-μ-OR complexes at 300 ns with the initial conformation, the ring structure of TRV130 formed hydrophobic interactions with W 7.35 , thereby increasing the stability of W 7.35 . Furthermore, the residue showed good stability in the antagonist systems.
In the antagonistic β-FNA system, the torsion angle of Y 7.53 was completely different from that in the other systems. This torsion angle should be directly associated with the active and inactive crystal structures (Supplementary Figure S4) . Fur- was diverse, even among the four activated state models, and it was more volatile in the TRV130 system ( Figure 6B ). Because Y 7.53 is located in the G-protein binding region, such variations also indicated that the G-protein binding pattern induced by TRV130 may be different from that of BU72.
The dynamic changes in key structural water molecules in each system The 'NPxxY' motif, a key motif in the activation [40] [41] [42] and G-protein binding [43] of family A GPCRs, is closely associated with water clusters [44] . According to the active crystal structure of μ-OR 5C1M (Supplementary Figure S4) , the NPxxY region is directly connected with the internal water molecular environment, and there are a few water molecules around. Furthermore, N 7.49 is involved in the formation of an antagonistic sodium-mediated allosteric pocket containing multiple water molecules. Therefore, we selected two important water molecules, W3 and W4 (Figure 7 ), located at the center position of μ-OR (Supplementary Figure S3) , for detailed analysis and comparison of the dynamic changes between the agonist BU72 system and fully antagonistic β-FNA system.
As observed from the trajectory, W3 in the BU72 system belonged to the intracellular environment ( Figure 7A ), whereas the molecule in the β-FNA system was affiliated with the extracellular section ( Figure 7C ). The W4 molecule in both systems belonged to the extracellular environment. Given that the NPxxY region in the intracellular side of the antagonistic state was surrounded by a large number of hydrophobic residues (Supplementary Figure S4) , such as I 2.43 , L 2.46 , M 6.36 and L 7.56 , we propose that the NPxxY region may be a separation area in an activated state between external and interior water molecules in the cell, yet this separation area in the completely antagonistic state was much greater than that in the active state.
In addition, the motion of W4 suggested that water molecules in the binding pocket of the BU72 system may be much more active than in the β-FNA system. The W4 molecule in the BU72 system almost always changed in position; however, [20] . Therefore, we performed a detailed analysis of the number of water molecules in the pocket of each system (Tables 2 and 3 ). On the one hand, we directly computed the amounts of water molecules by sampling every 100 ns. The statistical results showed that 4 water molecules were contained in the antagonistic β-FNA system, but the largest number was 3 in other systems, thus indicating that the allosteric pocket was larger in fully antagonistic μ-OR than in the others. On the other hand, because residue D 2.50 is located at the core section of the allosteric site, we investigated the number of water molecules in the pocket through HB calcula- tions between water molecules and D 2.50 . The statistical results showed that D 2.50 formed 4 stable HBs with water molecules in TRV130, NTX and apo systems, particularly in the TRV130 system, and the proportion of 4 HB formed reached 57.9%, whereas the most stable number was 3 in the BU72 system. Because D 2.50 may be affected by the coupling of a sodium ion, only the 3 most stable HBs were observed in β-FNA system.
Discussion
In this study, we performed a series of MD simulations and comparative analyses of the atomic-level conformational changes of μ-OR in G-protein biased activation and inactivation, including the dynamics of crucial "message-address" residues, crucial residues for selective μ-OR activation and inactivation and important structural water molecules. This information may be helpful for further understanding the biased interaction mechanism of μ-OR.
TRV130, a G-protein biased agonist, had diverse effects in 6.48 . Third, the ring structure of TRV130 also stabilized W 7.35 . Moreover, the conformation of Y 7.53 was greatly influenced by the binding of TRV130. These effects may be closely related to ligand G-protein bias. Moreover, according to the experimental results [17, 19] , the above interactions down-regulated β-arrestin signaling, thereby increasing the G-protein bias of TRV130.
In this paper, owing to time limitations, we simulated only one G-protein biased agonist. A new G-protein biased ligand, PZM21 [45] , was discovered in 2016 and has exhibited good activity in many types of μ-OR activation effects. As observed from the docking mode [45] , the phenolic hydroxyl group of PZM21 is located in the W 6.48 side, close to the activation switch W 6.48 and Y 7.43 . Therefore, we suggest that PZM21 may stabilize W 6.48 through a direct interaction and then significantly down-regulate the β-arrestin signal and ultimately improve the G-protein bias. However, our simulation results and residue mutation experiments [14] showed that the crucial sites of TRV130, in contrast to those of PZM21, are located between residues Y 7.43 and Y 2.64 . To better understand the functionally selective mechanism of μ-OR, it is necessary to simulate the dynamic mechanism of PZM21 and to perform a comprehensive analysis to reveal more information for designing the ligand with G-protein bias, which will be performed in the future.
Through the above analyses, we observed that the operation of the activation switch determined the receptor activation. Additionally, the operation mode of the activation switch probably plays a key role in the binding of β-arrestin, thereby up-regulating or down-regulating G-protein signal transduction. These findings may be applied to new drug design. For example, we the activation switch of a target can be identified, then a reasonable mode of action can be selected, and finally a variety of design experiments can be performed.
Okude et al [13] , by using NMR and Met labeling methods, have shown that the TRV130 G-protein bias occurs through multiple conformational changes. They have also determined that both the N 3.35 A and F 3.41 A mutations lead to a significant increase of β-arrestin signal for TRV130 binding. These two residues are located in TM3, and we observed the differences in the TRV130 system compared with the BU72 and antagonist systems (Figure 2 and 4) . Because the two residues are far from the ligand binding pocket, we attributed the differences to the mode of action of TRV130.
The μ-OR antagonists blocked the interaction between the activation switch residues W 6.48 and Y 7.43 , and we observed a notable diversity between the agonist and antagonist action. In addition, the effect of D 3.32 occurred at a different point. The residue in the agonist system mainly interacted with the ligand through one hydrogen bond, but in the antagonist system, either no interaction occurred, such as for β-FNA, or more hydrogen bonds were found, such as in the NTX system. Therefore, we propose that these two aspects are a critical distinction between μ-OR agonists and antagonists.
Although the interaction between W 6.48 and Y 7.43 was separated by the cyclopropyl group of β-FNA and NTX, the loadbearing residues were opposite from each other in the two antagonist systems, as observed from the different effects induced by the ligands. There were also diverse effects of these two ligands in other aspects, such as the influence on message residue D 3.32 . In addition, W 7.35 was well stabilized by the two antagonists, as well as TRV130, thus ensuring their subtype selectivity on μ-OR to a certain extent.
Huang [22] , Shim [46] and Schneider [14] have all performed MD simulations on the activation mechanism of μ-OR, but their analyses have been performed only for a single residue, such as W 6.48 or D 3.32 . From existing interaction mechanisms of opioids [21] , particularly agonists, the key roles were often realized through more than one residue, together with dynamic associations. According to our experimental results, residues W 6.48 and Y 7.43 act as a paired activation switch. The key structural water molecules are an indispensable part of the activation and antagonistic process of ORs, and their dynamic motions also reflect some structural information. We observed that the NPxxY area was a separation area between the intracellular and extracellular environment in the activated μ-OR, and yet the separation area was much greater in the completely antagonistic state than that in the active state of the receptor. Furthermore, more water molecules existed in the sodium-controlled allosteric pocket of the antagonistic β-FNA system, and they were much more stable than those in the activated BU72 system.
In addition, the derivatives of Salvinorin [47, 48] do not contain a protonated nitrogen ion. Thus the activation and antagonistic mechanism must be further reconsidered for this special type of opioid.
Conclusions
In this study, we performed a series of MD simulations and analyses of the G-protein biased activation and inactivation mechanisms of μ-OR. Five μ-OR systems were constructed: a G-protein biased agonists TRV130 and BU72, antagonists β-FNA and NTX, and the free receptor. We propose that residues W 6.48 and Y 7.43 function as a paired activation switch, in agreement with related mutation experiments. Operation of this activation switch is a critical factor for μ-OR activation, whereas up-regulation or down-regulation of the β-arrestin signal is probably induced by the interaction mode between the ligand and activation switch. Furthermore, we predicted the appropriate activation mode of another G-protein biased ligand, PZM21, on the basis of the above switch. Together with the docking mode, we hypothesized that PZM21 stabilized W 6.48 through a direct interaction, then significantly down-regulated β-arrestin signal, and finally improved the G protein bias. In addition, we obtained diverse information about μ-OR activation and inactivation, including the conformational varieties of the triplet structure, residues W 7.53 , and structural water molecules. Thus, our simulations should provide helpful information for new biased ligand design, such as identification of an activation switch on a target, and subsequent selection of a more reasonable mode of action, and performance of a variety of experiments.
